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A method and system for converting an aqueous salt containing sludge into gases and a solid residue
is described. The sludge is pyrolyzed and gasified with the assistance of microwave radiation.
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TITLE: Microwave assisted pyrolysis and gasification

Field of the invention
The present invention relates to a method and system for converting an aqueous salt containing

sludge.

Background of the invention.

Aquaculture industry is in a continuous growth with huge economic benefits. Currently the fish can be
raised until harvested in different types of cage farms e.g. open cages placed directly in the water or
“off-shore cultivation” when the cages are placed directly in the sea water. Another alternative is
represented recirculating aquaculture systems (RAS) which comprise a series of culture tanks and
where the water is continuously recirculated and monitored. Thus, the fish farms can be located in

different areas on land or on the sea, sometimes isolated and off-grid connections.

The fish farming industry also face different challenges such as escaped fish/genetic interaction,
pollution and discharges, diseases and parasites, use of coastal areas, feed/feed resources. Thus, lately,
different closed cage farms concepts have been developed with many positive benefits such us
preventing escaping of the fish, avoiding the fish lice problems, less medicines and antibiotics, but
also that the fish sludge will no longer reach the bottom of the sea. Closing the fish farm cages
represents a good environmental measure but it will also bring new challenges that must be solved
¢.g. huge quantities of sludge that will be collected from the bottom of the closed fish farms, pumped
and transported on land. This sludge possesses a tremendous potential to generate energy but it is also
a valuable source of nitrogen (N), phosphorous (P), heavy metals (Cd, Pb, Hg, Ni, Zn, Cu, Cr), salt
(NaCl), other minerals which were so far not exploited/recovered. Another challenge for a closed cage
fish farm is that you have to provide large quantities of oxygen to the fish in order to maintain the fish
health and welfare. This comes with a significant cost in case the oxygen is purchased from different

commercial producers.

For example, if the fish farming industry will manage to collect and re-use all the sludge from 1

million tones salmon/year to produce biogas, then 70-190 million m* methane could be produced,
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equivalent to 0.7-2TWh energy. As a comparison, according with the Statistics Norway, in 2009
Bergen area having a population of 252 051 inhabitants, used in total 2.0334 TWh energy. According
to Fishery Directorate, in March 2018 the total fish production in Norway was 728 531 tons from
which 103 788 tons are located in Hordaland area. According to Milostatus 780 tons fish will generate
as much waste in form of sludge as 11 780 inhabitants. Thus, the total fish production in Norway can
generate waste in form of sludge as 13-14 million inhabitants (approx. 3 times the population of
Norway); but, if collected and re-used it can generate up to 6.7 million Nm® methane or 65 GWh/year.
The aquaculture industry aims to increase their production by a factor of 5, until 2050 leading to a

potential methane production of 580 million Nm? or 5.7 TWh/year.

Different solutions for sludge handling that have been proposed so far are aiming to filter, dewater
and/or dry the sludge up to 95-98% total solids. Either afterwards the dried pellets are delivered to a
waste recovery plant (e.g. Denmark, Sweden) to produce biogas or to different production lines to be
used as “green fuel” ¢.g. cement. One cement factory has a capacity of burning up to 12 000 tons

dried sludge (Fiskeslam som brensel - Tom Berntsen, HeidelbergCement http://tekset.no/wp-

content/uploads/2017/02/14-Berntsen.pdf ). Anyhow, these solutions come with a significant transport

cost and environmental consequences. Besides, by incinerating and/or burning the dried sludge pellets

all the valuable components still present are wasted.

Another waste recovery technology used at large scale to produce biogas and fertilizer is anaerobic
digestion. The number of anaerobic digester recovery plants is still increasing buy they are mainly
using mixt waste from sewage, wood, plants, etc. When it comes to the fish sludge the anaerobic
digestion technology could be used only for the sludge generated by on-land fish farms, so-called
fresh water fish sludge. The challenges here are that in an anaerobic digester plant the biogas
production is quite slow (require up to 20-30 days to produce the biogas), the plants are quite
expensive and require large area of land around the needed units e.g. digesters, reservoirs, collectors.

Thus, new technologies for handling this large volume of generated waste are required.

When it comes to the sludge generated by a sea-based fish farm or RAS, which are using a mixture of
fresh water with seawater, there is salt present in the sludge. This salt destroys the media/bacteria
inside the anaerobic digester unit. Therefore, for this specific type of sludge the anaerobic digestion
technology can be used only if the sludge is desalinated (by using large amounts of fresh water),
dewatered and/or dried (by using large amounts of energy). Depending on the digester manufacturers

the salt level needs to be reduced to 1% (ENSPAR Biogas, www.enspar.de) and 25% (Schmack
Biogas, www.schmack-biogas.com).
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Disclosure of the state of art.

US6398921 describes a process for gasifying solid organic matter from wastewater sludge involves
dewatering the sludge to a solids content of at least 35% by weight using a combination of
centrifugation, microwave heat exchange and screw press separation. The denatured solids are than at
least partially pyrolyzed by passing through a heated inclined screw auger. The pyrolysis solids, tars
and gases are then gasified by exposure to a high intensity microwave field. The method cannot be

used if the sludge contains salt.

Energy system with biogas and hydrogen for fish farms, Gasskonferansen, Trondheim,; Crina S. lIlea,
10.04.2018, relates to a green fish farm within a larger system, in which the waste is disposed of in a

number of ways, including pyrolysis within a reactor.

Microwave-induced drying, pyrolysis and gasification (MWDPQG) of sewage sludge: Vitrification of
the solid residue. Menendez J A et all. Journal of analytical and applied pyrolysis, 2005.08.01,

describes pyrolysis of a sample of sewage sludge within a microwave cavity oven.

Objects of the present invention

It is an aim of the present invention to provide a method and system that can treat salt containing
sludge. The method and system of the invention are realized in compact and fast process, wherein the
composition of the products can be controlled by the reaction temperature and the reaction kinetics by
control of the microwave intensity. The method and system can also be used for treatment of sludge

that has a low, or no amount of salt.

Summary of the invention

A first aspect of the present invention relates to a method for converting an aqueous salt containing
sludge into gases and a solid residue, wherein the method comprises;

- the aqueous salt containing sludge is dewatered to a water content of 20-60% (weight/weight); and
thereafter;

- the dewatered sludge is heated to 500 °C to 1000 °C by microwave radiation, wherein the microwave
radiation generates heat and steam,

- partially or complete pyrolyzing the dewatered sludge to produce pyrolysis products, wherein the

pyrolysis products inter alia are CO (g), CH4(g) and H2 (g),CHO (oil) and C(s)
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- gasifying the pyrolysis products, wherein inter alia C (s) is gasified to CO(g) and Hx(g).

In a preferred embodiment generates the microwave radiation the steam for the gasification reaction

by heating the water in the salt containing aqueous sludge.

In a preferred embodiment is a microwave radiation absorber (catalyst) used to absorb microwave

radiation.

In a preferred embodiment is the microwave radiation absorber produced during the pyrolysis of the

sludge.

In a preferred embodiment is carbon, the microwave radiation absorber, produced during the pyrolysis

of the sludge.

In a preferred embodiment is the aqueous salt containing sludge dewatered to a water content of 30-

40% (weight/weight).

In a preferred embodiment are the method steps conducted in a one-step reactor.

In a preferred embodiment is the salt containing dewatered sludge fed to the reactor (100), and
wherein a microwave radiation having a field density of 0.5 — 5 kW/ m?, more preferably 0.8-2 kW/
m?, and most preferably about 1 kW/ m? is applied to the sludge, and wherein the dewatered sludge is
anoxically exposed to a temperature in the range of 500 °C to 600 °C, in order to partially or
completely pyrolyse and gasify the sludge to gases and char.

In a preferred embodiment is the gasses and char separated and collected.

In a preferred embodiment is the salt containing aqueous sludge added to the reactor, and the gas and

char are collected from the reactor continuously.

In a preferred embodiment is the gasifying carried out in the absence of oxygen.

In a preferred embodiment is the salt containing aqueous sludge from a fish farm.

In a preferred embodiment is the salt containing aqueous sludge from a RAS fish farm.
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In a preferred embodiment is the salt containing aqueous sludge from a marine fish farm.

In a preferred embodiment contains the salt containing aqueous sludge salt in a concentration of 10-

100 g/kg, more preferably 15-50 g/kg, and more preferably 20-40 g/kg, and most preferably 30-40
g/kg.

In a preferred embodiment contains the salt containing aqueous sludge salt in a concentration of 31

g/kg, to 38 g/kg.

In a preferred embodiment contains salt containing aqueous sludge Na* in a concentration of 10-200

g/kg, more preferably 20-100 g/kg, and more preferably 30-60 g/kg.

In a preferred embodiment contains the salt containing aqueous sludge CI™ in a concentration of 50-

300 mg/g, more preferably 75-200 mg/g, and more preferably 90-150 mg/g.

In a preferred embodiment is the dewatered sludge heated to 500 °C to 600 °C by microwave

radiation.

In a preferred embodiment is the temperature of heating of the dewatered sludge regulated to a lower

temperature in order to enhance the fraction of methane in the produced gas mixture.

In a preferred embodiment has the reactor increasing temperature through the reactor, in order to
produce gas with a low vapour pressure of salt at low temperatures and the rest at higher temperature,

at low gas volume, to obtain complete conversion.

In a preferred embodiment can steam in the first part of the reactor bypass the pyrolysis zone and be

directed to the gasification zone in order to control the reaction products.

In a preferred embodiment can the produced gas be further heated from the reaction zone to the

absorbent in order to avoid uncontrolled condensation.

A second aspect of the present invention relates to a system for use in gasifying of a salt containing
aqueous sludge, comprising

- areactor (100) comprising;
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- a microwave generator that generates microwaves have a field strength of ... and applies the
microwave radiation to the sludge added to the reactor (100), and
- a pyrolysis unit to pyrolyze anaerobically the sludge, and

- a gasification unit which gasifies the pyrolysis products.

In a preferred embodiment comprises the system also comprises a dewatering unit , upstream for the

reactor (110).

In a preferred embodiment comprises the system a gas/solid separator.

In a preferred embodiment comprises the system a gas cleaning unit downstream for the reactor

capable of cleaning the wet gas received from the reactor.

In a preferred embodiment comprises the system a fuel cell which converts that gas produced by the

reactor into heat, CO, and water.

In a preferred embodiment is the fuel cell a SOFC.

In a preferred embodiment is the heat generated by the fuel cell fed to the drying unit.

Description of the diagrams

Embodiments of the present invention will now be described, by way of example only, with reference

to the following diagrams wherein:

Figure 1 shows a schematic diagram of the concept of microwave assisted pyrolysis and gasification
(MAP-G) of an aqueous sludge.
Figure 2 shows TG/DTA analyses of a sludge sample from ...

Figure 3 shows XRD spectra: upper graph - raw fish sludge; middle graph- fish sludge treated at
1200°C; lower graph - fish sludge treated at 1300°C.

Figure 4 shows a proof of concept MAP-G reactor (two upper pictures); quarts sample tube with

sample before treatment (lower picture

Figure 5 shows P&ID of the test set-up
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Figure 6. Fish sludge sample after MW pyrolysis/gasification, and after removal from the quartz tube

Figure 7 shows the temperature measured inside the sample during the pyrolysis/gasification test on

16.03.2018

Figure & shows the production of gases during the pyrolysis/gasification test on 16.03.2018
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Description of preferred embodiments of the invention
We have shown that the salt containing sludge can be treated and converted to char and gases by a
combination of pyrolysis and gasification, and wherein the pyrolysis and gasification reactions are

assisted with microwave radiation.

Microwave assisted pyrolysis and gasification (MAP-G)

The sludge generated by a closed fish farm usually contains fish food waste, facces, nutrients, water,
and in the case of a sea-based fish farm, salt. The waste generated by the byproducts from hatcheries
c.g. bones, skin, guts can be recycled and is in the context of the present invention not considered
here. However, also a sludge containing remainder of fish and fish byproducts can be treated by the

method according to the invention.

Pyrolysis represents a thermochemical decomposition of different organic material at elevated
temperatures and in the absence of oxygen. During pyrolysis, the organic waste is decomposed into
gas, tar and a char - reaction 1, see below. The pyrolysis is considered as an alternative to biogas
production via anaerobic digester technology and provides fast pyrolysis that occurs during a short

residence time.

Our preliminary calculations of a microwave assisted pyrolysis and gasification (MAP-G) technology
shows that this method will provide 2 to 3 times more energy than the alternative anaerobic digester

route.

Gasification is an endothermic process which means heat is required. The tars (gas+oil fractions) are
usually collected and burned as fuel to produce energy. The generated heat is converted into

clectricity in a turbine or any other thermal engine.

The proposed alternative for the produced tars uses the already produced hydrogen (in the pyrolysis
reaction) and steam to enhance the bio-gas production — reaction 2; while the solid bio char will also

be further gasified using steam into bio-gas — reaction 3.
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The reactions present during the pyrolysis and gasification processes are as follows:

Reaction 1 - Pyrolysis reaction

heat
CxHyO: (sludge) > CO + CHs + Ha (gas) + CHO (oil) + C (solid)

Reaction 2 - Gasification reaction

CHO (oil) + H» -  CO + H; (bio-gas)

Reaction 3 — Gasification reaction

C(solid) + H2O (steam) —>  CO + H; (gas) + solid residue

Total reaction

CxHyO: (sludge) - CO + H; + CH, + solid residue

We will use microwave energy as the energy source for the pyrolysis and gasification processes

because of very fast heat delivery. A few seconds are needed to reach 1000 °C.

It is known to use carbon as catalyst to absorb the microwave radiation. The technology so far is that
you have to add active carbon and mix it with the waste that you are going to thermally decompose in

the pyrolysis step.

In the method according to the invention, we will not add carbon, but the carbon that will be produced
during the pyrolysis will start to absorb the microwave radiation immediately and continuing to heat
itself and the surrounding and thus, sustaining the gasification processes. Therefore, at the beginning
of the process the remained water will absorb the microwave radiation generating steam and initiating
the pyrolysis reactions producing the solid Carbon and gas via pyrolysis reactions. The produced solid
Carbon via pyrolysis is highly reactive and it will take over; it will continue to absorb the microwave
radiation, and thus continuing to heat itself and the produced oils until all the gasification reactions are

completed (very fast). The absorption of microwave radiation by the water and Carbon will happen
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simultaneously and continuously since the reactor will be continuously fed with fish sludge: new
water entering the reactor at all time, new steam, new carbon, new oils, and new gas. All these

reactions and effects are connected to each other and take place in circle.

Simplified mechanism is as follows:

microwaves
Sludge + Water > Steam + Methane + Bio-gas + Bio-oils + Solid C
steam
Solid C + Bio-oils > Bio-gas + solid residue

Microwaves + Steam

Total: Sludge + Water > Methane + gas + solid residue

Advantages: the solid carbon obtained via pyrolysis is highly active but only for a short period. The
proposed solution will not involve any additional transportation of the produced carbon. Instead, it

will be used immediately in the same reactor, i.e. a one-step reactor for pyrolysis and gasification.

Microwaves enhance the reaction kinetics resulting in faster conversion at lower temperatures, so
called microwave assisted reaction kinetics enhancement. This means that for a practical, compact and

fast application the process can operate at a lower temperature than for pure thermal heating for

pyrolysis.

If the reactions are performed at high temperatures salt will evaporate in the reactor and condensate
when the reaction gas is cooled. In a reactor producing 100kWth operated at 600C, appr. 1 kg of salt
will evaporate in one year. This small amount of salt can easily be condensed out in an absorbent,
adsorbent or condensation chamber. The condensed salt can be washed out periodically by cooling to
ambient temperature and flushing with water. When operated at 700C, 800c or 900C the amounts of
salt will be appr. 30 kg, 350kg and 2200 kg respectively. These amounts of salt would require larger

operating costs and larger equipment.

The fuel in the produced gas consist mainly of methane, hydrogen and carbon monoxide. A higher

fraction of methane is formed at lower temperatures. Methane has a higher volumetric energy content
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than hydrogen and carbon monoxide. The smaller volume means that less salt will be evaporated and
transported, and less energy and volume is needed for compression and storage. Less energy is
required to produce methane than hydrogen and carbon monoxide, and the efficiency is higher when
used in a fuel cell. As the use of microwave assisted reaction kinetics enhancement enables the
reactions to take place at sufficiently high rates at lower temperatures, a more attractive gas

composition can be obtained.
The process can also be run at increasing temperatures through the reactor, so that as much as possible
of the gas is produced with a low vapour pressure of salt at low temperatures and the rest at higher

temperatures, but low gas volume, to obtain complete conversion.

Steam generated in the first part of the reactor can bypass the pyrolysis zone and directed to the

gasification zone in order to control the reaction products.

The gas can be further heated from the reaction zone to the absorbent to avoid uncontrolled

condensation.

Methane and gas as fuel for fuel cells:

As described in figure 1, the method according to the present invention provides a one-step reactor to
continuously thermally decompose and gasify the fish sludge into gas and char by using microwaves

as heat source, so called microwave assisted pyrolysis and gasification (MAP-G) technology.

In accordance with the method of the invention, the solids contained by the fish sludge can be
decomposed very fast (some seconds) through the one-step microwave assisted pyrolysis and
gasification reactor (MAP-G) (100) into gas and solid residue while travelling along the reactor (100).
The one-step reactor design can be vertical and thus the gravitational force will help with a constant
feeding of the MAP-G reactor (100), and thus, no additional power will be needed for the feeding
unit. The invention also anticipates other reactor designs, and the feedstock can be pumped into the
reactor (100). The feedstock will preferably consist of small sludge agglomerates coming directly
from the cyclone separator (not shown in figure 1) and being dried in a drying unit (120) to a 40-60%

water content prior entering the MAP-G reactor (100).
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The energy and heat required for the drying and pre-heating of the sludge can be provided by any
means. However, the heat is preferably provided by the high temperature fuel cell unit (150). This
heat (preferably up to 750°C) can be recovered and reused to dry the fish sludge and also
simultaneously form steam. The produced steam will be used for the gasification reactions and thus,
the steam together with the sludge (40-60% water content) will enter the MAP-G reactor (100) where
pyrolysis and steam gasification reaction will take place simultaneously to produce more steam,
carbon and wet gas. Therefore, the pyrolysis MAP-G reactor (100) will further dry the sludge (40-
60% water) to produce more steam while the pyrolysis reaction will also take place. The steam flow
coming from the drying unit (120) and the steam produced inside the MAP-G reactor (100) will
simultaneously gasify the pyrolysis products (char and the oils) into gas and solid residue. The aim is
that all the produced carbon and all the produced oils will be gasified in one single reactor (100). Due
to the continuous fed of the reactor (100) the produced gas will contain traces of water, so called wet
gas. This wet gas will move to the exit part of the reactor (100) at the bottom of the reactor (100), due
to an increase in the gas pressure, and it will be fed into a gas cleaning unit (180) and from here the
dried and lean gas will be used as fuel into the fuel cell system (150). Into the cleaning unit (180),
different commercial absorbers will be used to remove the traces that are present into the gas and that
are harmful for the fuel cell system (e.g. water, Sulphur, siloxanes, salt). At the end, from the fuel cell
system (150) water, CO, stream, electricity and heat will be produced and these products can be

captured and reused in other processes on-site.

A main advantage of using water already present in the sludge as a steam source to gasify the solid
char is that the sludge will not require a dewatering and/or drying step as in other available
technologies. In prior art technologies must up to 95-98% of the water be removed before treatment.
Instead, according to the present invention, a water removal between 40 and 60% will be sufficient.
The remaining water will provide the required amount of steam for the gasification of the char
fraction. Thus, energy will be saved by not dewatering and drying the sludge. And in addition, no

additional external water stream is required.

By combining the pyrolysis and gasification with the help of microwave at the end of the processes
mainly bio-gas and small amounts of solid residue will be produced. The method provides for
gasification of the produced solid carbon char as fast and as much as possible, until in the end the
remaining solid residue will contain mainly phosphorus, heavy metals, nitrogen, salt and very little or
no amount of char. If these valuable nutrients and components are volatilized and removed from the
fish sludge inside the MAP-G reactor different commercial absorbents can be used to separate the

removed nutrients and components from the flue gas (at different temperatures).
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Thermogravimetric (TG/DTA) measurements

TG/DTA analyses were performed both in air and in reduced atmosphere (using Argon gas) on a
raw/fresh fish sludge generated by fish from a RAS unit. The tests of the fresh fish sludge samples
(see figure 5) show the evolution of the sample mass while it was heated in air and reduced
atmosphere, up to 1400°C using a 5°C/min as heating rate. The results show that both samples are
losing most of its mass to water evaporation up to 130°C. For the sample treated in air (Figure 2 —
upper graph) the subsequent mass change takes place between 130 and 550°C corresponding to
oxidation of the organics present in the samples. The two peaks at around 300°C and at around 460°C
occur during the oxidation, probably corresponding to oxidation of volatile organics and fixed carbon,
respectively. After 550°C no major effects are noticed and the remaining mass is mostly constant. The

mass was reduced up to 98%.

For the sample treated in Argon (Figure 2 — lower graph) the subsequent mass change takes place
between 140 and 400°C corresponding to thermally decomposition of the organics present in the
samples. The two peaks at around 300°C and at around 460°C corresponding to oxidation of volatile
organics and fixed carbon are not present. After 400°C no major effects are noticed and the remaining
mass continuously decreasing due to the elimination of the gasses from the sample. The total mass

reduction was up to 98%.

XRD analyses

A raw/fresh fish sample of a fish sludge from a RAS unit was investigated using XRD. Besides,
similar fish sludge samples were thermally treated in air, up to 1200°C and 1300°C, respectively

(using 200°C/h as heating rate and 2h as plateau). The XRD spectra are shown in figure 3.

For the XRD spectra the sample of fresh fish sludge was dried at 104°C for 12 h before using it in the
XRD. The spectra of the raw/fresh fish sample, see figure 4Feil! Fant ikke referansekilden. — up,
shows only amorphous phase, no crystalline phases were identified, except NaCl (halite) which was

present in the sludge from the sea water.

The XRD spectra of the fish sludge samples treated in air at 1200 and 1300°C, respectively show

similar crystalline phases e.g. merillite, hydroxylapatite, sodium calcium iron phosphate, forsterite,
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periclasem chopinite. The crystalline phases that are present are combining relevant and useful

clements such as Ca, Mg, Na, Fe, P which should be recover from the remaining residue.

Add the XRD data of the sample - after testing on 16 March - soon

Elemental analysis

The samples used for the XRD were also used to determine the elements that are present in the
samples. The XRD detection limit cannot identify the very low levels of all the elements present in

the samples. The elemental analysis of the samples is given in table below in mg/kg.

Table 1

Elemental analysis of different fish sludge samples

Cl 728835564  4985551,10 484958829
“““““““ K 8111 13928 5655
e e Soo0is0vene s
8 062 ow s
........... e e e
AAAAAAAAAAAA e e e
"""""" ¢ 33 1022 7170

Mn 101,83 394,19 377,85
 Fe 553,79 250244 1882,78
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 Cu i i5 . sw
R PR T
Ga 0,26 4 079
- Ge 020 o 013

As 2876 7349 9396
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The elemental analysis shown levels of Mg, Al, Si, P, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Zn, As, Br, St, Ba,

Ce and Gd are dominant while the other elements are present in traces.

Proof of concept - Test set-up

The proof of concept was done in a laboratory scale batch reactor by using a commercially microwave
oven. The reactor was designed to improve the handling and visibility of the sample, to improve the
gas analysis capabilities. The sample tube was a quartz tube, placed inside an alumina tube with one
closed end inside the oven volume. This alumina tube was penetrating the back wall of the microwave

oven (see figure 4 — two upper pictures).
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The inner quartz sample tube (see figure 5 — lower picture) was connected to the outer alumina tube
with a steel flange. The connections between the flanges and tubes were made gas-tight with the help
of Viton O-rings and silicone paste. The sweep gas was entering the outer tube and then being forced
into the inner quartz tube through the sample and out, where it was passed through a condensing cold
trap and by a mass-spectrometer for the real-time analysis of the gases. A metal sheathed insulated
junction K-type thermocouple was placed inside the sample at the start of a test together with a thin
metal tube to be able to inject additional gasification agent into the sample as desired. All metallic
parts inside and around the inner oven volume were electrically grounded to avoid sparks. The whole

setup was placed inside a reflecting metallic cage to avoid microwave radiation leakage.

The test setup (see Figure 5) is providing the mass flow control over the sweep gas flow, gasification
agent flow (water/CO»). The mixture of the produced gas and the sweep gas (argon) passes through a
tube into the ventilation. A mass spectrometer (HPR-20 from Hiden Analytical) samples the gas

continuously from the exhaust tube, monitoring the real time gas composition.

The sample temperature and the oven temperature are measured by a thin insulated K-type
thermocouple. All control and data acquisition is made in LabView software via National Instruments
CompactRio I/0 modules. The output of the oven magnetron is controlled externally by switching it
on and off (full power / zero power) using the sample temperature reading and a relay switch. The

maximum output magnetron power is 700 W.

Tests procedure

The fish sludge coming from the RAS fish farm is of varying solids content and therefore, we were
drying the sludge in air at 104 °C for 12 hours prior to using it in the tests. This removes all the free
water, leaving only absorbed or chemically bound water left inside the sample. Water as a gasifying
agent can then be added to the sample via the tube and the liquid flow controller. Five grams of dried
sludge are weighed and used in each test. The sludge is mixed with 15 grams of microwave absorbing
additives (either SiC powder or LaCrO; crush) and put inside the quartz tube at the end farthest from
the flange (see Figure 6). The thermocouple and the water supply tube are inserted. The sample is
fixed in place inside the quartz tube by two gas permeable rockwool plugs, which are also weighed.
The sample tube is then placed inside the alumina tube so that the sample is inside the oven, the

flange connection is tightened, and sweep gas inlet and product gas outlet are connected.
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1 I/min of sweep gas is used during the testing. The desired sample temperature is set in the software,
and the oven starts to heat until the desired temperature set point is reached. The software is then
switching the magnetron on and off to keep the measured sample temperature close to the set point.
Water is supplied into the sample at a rate of 5-10 g per hour. Partial pressures of Ar, CHa, H», CO,

CO; and H2O are recorded by the mass spectrometer every 30 seconds.

After the sample has cooled down, the quartz tube is removed from the setup; the sample with the
rockwool plugs is pushed out and weighed. There is often condensate on the tube walls, this
condensate is wiped out and weighed too. An approximate mass balance is then calculated based on
the weighing results and analysis of the gas composition, which is approximated from the partial

pressures of gases and the constant flow rate of the sweep gas.

Test results

Around 20 tests have been performed on microwave pyrolysis/gasification of the fish sludge. The
samples heating was attempted with SiC and with crushed LaCr3 ceramic as the MW absorbing
additive, and without other additives. The samples were heated with and without adding gasifying
agents (water, CO,). Data from a representative test performed on the 16th of March (sample mixed

with SiC additive, water added as gasifying agent) is presented here as an example.

The total duration of the heating was 2 hours 12 minutes. This is much longer than would be actually
required. The reason was to see clearly, at which temperature the gases were being produced, and to
be able to estimate the amounts of each produced gas from the mass spectrometer data. The sample
was heated stepwise from ambient to 1000°C as shown in the figure 7 below. The reactor heating
control is based on switching the magnetron on and off, so the actual average temperature of the
sample during the “constant temperature™ steps was approximately 30 degrees below the setpoint:
570°C instead of 600°C, 670°C instead of 700°C etc. (see Figure 7 shows the t). The corresponding

gas production (mass spectrometer data) is shown below the temperature profile (see figure §).

The graphs above are roughly aligned time wise, so it is possible to see that each step brought some
additional gas production, but the largest amount of products were generated at around 600°C and
then at close to 1000°C. The initial pyrolysis and partial gasification reactions start around 140°C and
between 400 and 600°C, and most products are formed then. Further heating yields little until quite

high temperature. It is likely that the second large peak at around 1000°C is the result of the reaction
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between the produced oils and char and water vapor to produce more gaseous products. The gas

analysis produced the following results, see table 2.

Table 2, Composition of the gas produced during the pyrolysis/gasification test on 16.03.2018

%vol composition of produced dry gas

(over whole test duration)

H, 25%
CH,4 5%

CO 26%
CO; 44%

The combustible fraction of the gaseous products consists mainly of hydrogen and carbon monoxide,

while carbon dioxide stands for 44% of the total. The sample used in the test is rather small, and it is

likely that excess of water was added, leading to increased CO; production. It is likely that the gas

composition would change based on the heating profile, heating duration, water to dry sludge ratio

and other reactor parameters.

The following mass balance (see Table 3. Mass balance of the test on 16.03.2018) was produced on

the basis of sample weighing.

™ QUT

Fish sludge dried 5,03 Sludge + SiC + plugs 20
SiC 15,03 Pyro oil and water condensate 0,29
Rockwool plugs 1,93

Sludge converted 1,99

Of which:

Liquid products / condensate 0,29

Pyrolysis gas produced 1.7

Char/ash 3,04

Table 3. Mass balance of the test on 16.03.2018
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Table 4 - Distribution of the products (mass balance)

Distribution of products

Liquid products /condensate 12%
Gas produced 54%
Char/ash 34%

This balance does not include the water that was supplied to the sample, as most of it evaporated and
condensed further in the outlet gas tube and the cold trap. Part of that water reacted with the pyrolysis

products.

Table 5. Mass balance MW sludge sample 16 March 2018
In, g Out, g Sum out, minus
water and sweep
gas, g
H,in, g 0 | H; out 0,06
CH; in 0 | CH,4 out 0,08
COin 0| CO out 0,80
COszin 0 | CO; out 2,17
Ar 55,36 | Ar out 55,47
in/out
H,0 in 22,66 | H>O gas out 0,22
H>0 evaporated 2
from the sample
Sum 78,02 60,81 3,11

According to this calculation, a total of 3.11 g of gas (Hz, CH4, CO and CO;) was produced. This
mass includes the water that reacted with the pyrolysis products. Assuming that the sample has lost
1.7 g (initial weight minus the residue minus the condensate/oil collected from the quartz tube walls),

and 3.11 g of gas was detected at the outlet, around 1.4 g of water has reacted during the test.

The table 6, below, shows the results for the salted sludge, commercial fish food and 2 samples after

the pyrolysis and gasification + microwave. The fish sludge from the RAS unit (with salt) was dried at
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104°C for 12h prior testing in the microwave reactor (here are given as example 2 sample tests on 16

March and on 22 March, respectively — different conditions).

As evident from the table 6, the HHV and LHV are about 21-23.000 J/g for the food and in the sludge
it decreases to 11-12 000 J/g. This means that the fish are eating the food and some energy is absorbed
by the fish during digestion. After the pyrolysis and gasification with microwaves the energy values
are decreasing to 1300-1500 J/g for one sample and §-900 J/g for the other one. This simply shows
that with the method and reactor according to the invention, we have managed to achieve complete

gasification and pyrolysis of the sample. This is extraordinary.

In accordance with the method of the present invention, the temperature of the processes are
preferably around 600 °C. If we allow the temperature to increase the salt will start to volatilize, and
this will impose problems to the reactor and the efficiency of the method. NaCl has a boiling point at

801C but it can start to vaporize below this temperature.

The salt vaporization will affect the reactor itself (e.g. corrosion problems, cracking of the steel walls)
but also the salt vapors will be present in the produced gas. Thus, we will have to clean the gas to be
suitable for the fuel cell system. It would be important to keep the temperature as low as possible to

avoid salt vaporization.

The salt is shown in the analysis by Na and CI-. The sludge that we used is from smolts unit (using a
mixture of salt and fresh water). Anyhow, the proposed reactor will work perfectly fine also with

higher concentrations of salt in the water, i.e. on waste coming from a sea-based fish farms.



22

Table 6
Sample / Obtained data
Dried initial fish food Testl0 (16 Test 19 Method used
Resulted data UM. fish waste March for the
(sludge) 2018) analyses
WITH SALT 295i Sludge 299i
dried at from RAS Sludge
100°C for 12 unit, dried | from RAS
h at 104C for unit,
12H before dried at
294i the 104C for
microwave 12H
testing before the
microwav
298i e testing
High Heating Value 12 326 23120 1511 904 DIN-51900-
(HHV) 1: 2000
Low Heating Value 11 442 21 568 1373 786 DIN-51900-
(LHV) 2:2003
Sodium (Na) mg / kg 36 120 4770 8360 9 290 SR ENISO
Phosphor (P) mg / kg 34 500 14 400 5610 8270 11885: 2009
As mg / kg 1.60 1.22 0.18 0.28 p
Cd mg / kg 0.52 0.30 0.25 0.26 R1IS0O 11466:
Cr mg / kg 4.77 2.95 15.82 37.82 1999
Co mg / kg 0.97 0.45 0.91 3.02 SR ENISO
Cu mg / kg 7.95 2.93 2.26 7.16 17294-2:
Mn mg / kg 142 21.96 78.25 135 2017
Ni mg / kg 8.24 4.11 21.29 164
Pb mg / kg 1.57 0.75 1.03 1.48
Zn mg / kg 267 70.82 33.10 24.84
Carbon % 27.4 479 26.7 20.2 180
Hydrogen % 441 7.16 0.354 0.252 10654:1995
Oxygen % 22 27.3 7 5.46 186
Sulphur (S) % SLQ(<0.01) | SLQ(<0.0 | SLQ(<0.01) | SLQ(<0.0 | 13878:1998
1) 1) 18O
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Nitrogen (N) % 2.52 7.75 1.42 SLQ(<0.0 | 15178:2000
9]

Fluoride (F) mg / kg 840 710 84.5 45 SR EN ISO
Chloride (CI) mg / kg 99 000 12110 21270 13 500 10304 - 1:
Nitrite (NO,") mg / kg <0.5 <0.5 <0.5 <05 2009
Nitrate (NO3") mg / kg 53.5 545 10.6 11.0
Phosphate (PO.>) mg / kg <0.5 15562 10.0 <05
Sulphate (SO4%) mg / kg 9 865 1700 1200 82.5

SLQ = Under detection limit of the method

Sample 294i: fish waste WITH SALT

Sample 295i: fish food

Sample 298i: Test 10 (16 March 2018 pyro/gas — microwaves

5 Sample 299i: Test no.19 (pyro/gas — microwaves)
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Claims

1. A method for continuously converting an aqueous salt containing sludge into gases and a
solid residue, wherein the method comprises;

- the aqueous salt containing sludge is dewatered to a water content of 20-60% (weight/weight); and
thereafter;

- the dewatered sludge is heated to between 500 °C and 1000 °C by microwave radiation, wherein the
microwave radiation generates heat and steam,

- partially or complete pyrolyzing the dewatered sludge to produce pyrolysis products, wherein the
pyrolysis products inter alia are CO (g), CHa(g) and Hz(g), CHO (oil) and solid C(s)

- gasifying the pyrolysis products, wherein inter alia the solid C (s) and CHO (oil) are gasified to
CO(g) and Hx(g), wherein the pyrolysis and gasification takes place simultaneously in one reactor,
and wherein the salt containing aqueous sludge is continuously added to the reactor (100), and the gas

and the solid residue are continuously collected from the reactor (100).

2. A method according to claim 1, wherein the microwave radiation generates the steam for the

gasification reaction by heating the water in the salt containing aqueous sludge.

3. A method according to any of the proceeding claims, wherein a microwave radiation absorber

(catalyst) is used to absorb microwave radiation.

4. A method according to claim 3, wherein the microwave radiation absorber is produced during

the pyrolysis of the sludge.

5. A method according to claim 4, wherein the microwave radiation absorber is solid carbon

produced during the pyrolysis of the sludge.

6. A method according to claim 1, wherein the aqueous salt containing sludge is dewatered to a

water content of 30-40% (weight/weight).

7. A method according to any of the preceding claims, wherein the method steps are conducted

in a continuous one-step reactor (100).

8. A method according to claim 7, wherein the salt containing dewatered sludge is continuously

fed to the reactor (100), and wherein a microwave radiation having a field density of 0.5 — 5 kW/ m?,



10

15

20

25

30

346959

25

more preferably 0.8-2 kW/ m?, and most preferably about 1 kW/ m” is applied to the sludge, and
wherein the dewatered sludge is anoxically exposed to a temperature in the range of 500 °C to 600 °C,

in order to partially or completely pyrolyse and gasify the sludge to gases and solid residue.

9. A method according to claim 8, wherein the gasses and the solid residue is separated and
collected.
10. A method according to any of the preceding claims, wherein the solid residue is collected

from the bottom of the reactor so that gravitational force assists the constant feeding.

11. A method according to any of the preceding claims, wherein the gasifying is carried out in the

absence of oxygen.

12. A method according to any of the preceding claims, wherein the salt containing aqueous

sludge is sludge from a fish farm.

13. A method according to claim 12, wherein the salt containing aqueous sludge is sludge from a
RAS fish farm.
14. A method according to claim 12, wherein the salt containing aqueous sludge is sludge from a

marine fish farm.

15 A method according to any of the preceding claims, wherein the salt containing aqueous
sludge contains salt in a concentration of 10-100 g/kg, more preferably 15-50 g/kg, and more
preferably 20-40 g/kg, and most preferably 30-40 g/kg.

16. A method according to claim 15, wherein the salt containing aqueous sludge contains salt in a

concentration of 31 g/kg, to 38 g/kg.

17. A method according to any of the preceding claims, wherein the salt containing aqueous
sludge contains Na* in a concentration of 10-200 g/kg, more preferably 20-100 g/kg, and more
preferably 30-60 g/kg.
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18. A method according to any of the preceding claims, wherein the salt containing aqueous
sludge contains Cl in a concentration of 50-300 mg/g, more preferably 75-200 mg/g, and more

preferably 90-150 mg/g.

19. A method according to claim 1, wherein the dewatered sludge is heated to 500 °C to 600 °C

by microwave radiation.

20. A method according to claim 1, wherein the temperature of heating of the dewatered sludge
is regulated to a lower temperature in order to enhance the fraction of methane in the produced gas

mixture.

21. A method according to claim 1, wherein the reactor has increasing temperature through the
reactor, in order to produce gas with a low vapour pressure of salt at low temperatures and the rest at

higher temperature, at low gas volume, to obtain complete conversion.

22. A method according to any of the preceding claims, wherein steam in the first part of the
reactor can bypass the pyrolysis zone and be directed to the gasification zone in order to control the

reaction products.

23. A method according to any of the preceding claims, wherein the produced gas can be further

heated from the reaction zone to the absorbent in order to avoid uncontrolled condensation.

24. A continuous system based on pyrolysis and gasification reactions to handle a salt containing
aqueous sludge, comprising
- areactor (100) comprising;
- a microwave generator that generates microwaves have a field strength of 0.5 — 5 kW/I,
more preferably 0.8-2 kW/1, and most preferably about 1 kW/l, and applies the microwave
radiation to the sludge added to the reactor (100), and
- a pyrolysis zone to pyrolyze anaerobically the sludge, and

- a gasification zone which gasifies the pyrolysis products.

25. A system according to claim 24, wherein the system also comprises, upstream from the

reactor (110), a dewatering unit (120).

26. A system according to claim 24, wherein the system comprises a gas/solid separator.



10

346959

27

27. A system according to claim 24, wherein the system also comprises a gas cleaning unit (180)

downstream for the reactor (100) capable of cleaning the wet gas received from the reactor (100).

28. A system according to claim 25, wherein the system comprises a fuel cell (150) which

converts that gas produced by the reactor (100) into heat, CO; and water.

29. A system according to claim 28, wherein the fuel cell (150) is a SOFC (150).

30. A system according to claim 28, wherein the heat generated by the fuel cell (150) is fed to the
dewatering unit (120).
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Patentkrav
1. En fremgangsmate for a kontinuerlig omvandle et vannbasert, saltholdig slam til gasser og et

fast reststoff, hvor fremgangsmaten omfatter;

- det vannbaserte, saltholdige slammet er avvannet til et vanninnhold pa 20-60 % (vekt/vekt); og
deretter;

- det avvannede slammet er varmet opp til mellom 500 °C og 1000 °C gjennom mikrobelgestraling,
hvori mikrobelgestralingen genererer varme og damp,

- helt eller delvis pyrolysering av det avvannede slammet for a produsere pyrolyseprodukter, hvori
pyrolyseproduktene, bl.a. er CO (g), CHs (g) og H: (g), CHO (olje) og fast C (s),

- omdanne pyrolyseproduktene til gass, hvori blant annet det faste C (s) og CHO (olje) er omdannet til
CO(g) og Hx(g) gass, hvori pyrolysen og gassomdannelsen finner sted samtidig i én reaktor, og hvori
det saltholdige, vannbaserte slammet blir kontinuerlig tilfortreaktoren (100), og gassen og det faste
reststoffet blir kontinuerlig samlet opp fra reaktoren (100).

2. En fremgangsmate ifelge krav 1, hvori mikrobolgestralingen genererer dampen for

pyrolysereaksjonen gjennom a varme opp vannet 1 det saltholdige, vannbaserte slammet.

3. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori en

mikroboelgestralingabsorbator (katalysator) blir brukt til 4 absorbere mikrobelgestraling.

4. En fremgangsmate ifolge krav 3, hvori mikrobolgestralingabsorbatoren blir produsert under

pyrolysen av slammet.

5. En fremgangsmate ifolge krav 4, hvori mikrobolgestralingabsorbatoren er fast karbon

produsert under pyrolysen av slammet.

6. En fremgangsmate ifolge krav 1, hvori det vannbaserte saltholdige slammet er avvannet til et

vanninnhold pa 30-40 % (vekt/vekt).

7. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori

fremgangsmatetrinnene utfores 1 en kontinuerlig ettstegs reaktor (100).
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8. En fremgangsmate ifolge krav 7, hvori det saltholdige, avvannede slammet blir kontinuerlig
matet til reaktoren (100), og hvori en mikrobelgestraling med en feltintensitet pa mellom 0,5 og 5
kW/ m?, fortrinnsvis mellom 0,8 og 2 kW/ m?3, og helst omkring 1 kW/ m?, blir pafert slammet, og
hvori det avvannede slammet er anaerobt eksponert for en temperatur i et omrade pa mellom 500 °C

0g 600 °C for a helt eller delvis pyrolysere og omdanne slammet til gasser og faste reststoffer.

9. En fremgangsmate ifolge krav 8, hvori gassene og det faste reststoffet er separert og samlet
opp.
10. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori det faste

reststoffet blir samlet opp fra bunnen av reaktoren slik at tyngdekraften medvirker til den konstante

matingen.

11. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori

gassomdannelsen blir utfort i fraveret av oksygen.

12. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori det saltholdige,

vannbaserte slammet er slam fra et fiskeoppdrettsanlegg.

13. En fremgangsmate ifolge krav 12, hvori det saltholdige, vannbaserte slammet er slam fra et

RAS fiskeoppdrettsanlegg.

14. En fremgangsmate ifolge krav 12, hvori det saltholdige, vannbaserte slammet er slam fra et

marint fiskeoppdrettsanlegg.

15 En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori det saltholdige,
vannbaserte slammet inneholder salt med en konsentrasjon pa mellom 10 og 100 g/kg, fortrinnsvis

mellom 15 og 50 g/kg, og helst mellom 30 og 40 g/kg.

16. En fremgangsmate ifolge krav 15, hvori det saltholdige, vannbaserte slammet inneholder salt

med en konsentrasjon pa mellom 31 g/kg og 38 g/kg.

17. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori det saltholdige,
vannbaserte slammet inneholder Na™ med en konsentrasjon pa mellom 10 og 200 g/kg, fortrinnsvis

mellom 20 og 100 g/kg, og helst mellom 30 og 60 g/kg.
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18. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori det saltholdige,
vannbaserte slammet inneholder Cl- med en konsentrasjon pa mellom 50 og 300 mg/g, fortrinnsvis

mellom 75 og 200 mg/g, og helst mellom 90 og 150 mg/g.

19. En fremgangsmate ifelge krav 1, hvori det avvannede slammet vil bli varmet opp til 500 °C -

600 °C gjennom mikrobelgestraling.

20. En fremgangsmate ifolge krav 1, hvori temperaturen til oppvarmingen av det avvannede
slammet blir regulert til en lavere temperatur for a forsterke andelen av metan i den produserte

gassblandingen.

21. En fremgangsmate ifolge krav 1, hvorireaktoren har en okende temperatur gjennom reaktoren
for a produsere gass med et lavt damptrykk av salt ved lave temperaturer og resten ved hoyere

temperaturer, ved lavt gassvolum, for a oppna fullstendig omdannelse.

22. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori damp i den
forste delen av reaktoren kan omga pyrolysesonen og bli ledet til gassomdannelsessonen fora

kontrollere reaksjonsproduktene.

23. En fremgangsmate ifolge et hvilket som helst av de foregaende kravene, hvori den produserte
gassen kan bli ytterligere oppvarmet fra reaksjonssonen til absorbenten for a unnga ukontrollert

kondensering.

24, Et kontinuerlig system basert pa pyrolyse- og gassomdannelsesreaksjoner for a handtere et
saltholdig, vannbasert slam, som omfatter
- en reaktor (100) som omfatter;
- en mikroboelgegenerator som genererer mikrobelger som har en feltintensitet pa mellom 0,5
og 5 kW/I, fortrinnsvis mellom 0.8 og 2 kW/1, og helst omkring 1 kW/1, og paforer
mikrobolgestralingen til slammet som er tilfort reaktoren (100), og
- en pyrolysesone for 4 anaerobt pyrolysere slammet, og

- en gassomdannelsessone som omdanner pyrolyseproduktene til gass.

25. Et system ifolge krav 24, hvori systemet ogsa omfatter, oppstroms for reaktoren (100), en
avvanningsenhet (120).
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26. Et system ifolge krav 24, hvori systemet omfatter en gass/faststoff-separator.
27. Et system ifolge krav 24, hvori systemet ogsa omfatter en gassrensingsenhet (180) nedstroms

reaktoren (100) som kan rense den vate gassen mottat fra reaktoren (100).

28. Et system ifolge krav 25, hvori systemet omfatter en brenselcelle (150) som omdanner gassen

produsert av reaktoren (100) til varme, CO; og vann.

29. Et system ifolge krav 28, hvori brenselcellen (150) er en SOFC (150).

30. Et system ifplge krav 28, hvori varmen som genereres av brenselcellen (150) mates til

avvanningsenheten (120).
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Figure 2
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Figure 3
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Figure 3 (cont)
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T

Figure 4. Proof of concept MAP-G reactor (up) ; quarts sample tube with sample before

treatment (down)
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Figure 5
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Figure 6

Figure 6. Fish sludge sample after MW pyrolysis/gasification, and after removal from the
quartz tube
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Figure 7

Figure 7. Temperature measured inside the sample during the pyrolysis/gasification test on
16.03.2018
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Figure 8
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